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RedoxMany newly synthesized proteins obtain disulﬁde bonds in the bacterial periplasm, the endoplasmic reticulum
(ER) and the mitochondrial intermembrane space. The acquisition of disulﬁde bonds is critical for the folding,
assembly and activity of these proteins. Spontaneous oxidation of thiol groups is inefﬁcient in vivo, therefore
cells have developed machineries that catalyse the oxidation of substrate proteins. The identiﬁcation of
the machinery that mediates this process in the intermembrane space of mitochondria, known as MIA
(mitochondrial intermembrane space assembly), provided a unique mechanism of protein transport. The MIA
machinery introduces disulﬁde bonds into incoming intermembrane space precursors and thus tightly couples
the process of precursor translocation to precursor oxidation. We discuss our current understanding of the
MIA pathway and the mechanisms that oversee thiol-exchange reactions in mitochondria.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
The creation of a disulﬁde bond requires the oxidation of two
cysteine thiol groups and the simultaneous release of two electrons.
This seemingly simple chemical reaction plays a fundamental role
in protein biochemistry by regulating protein structure, stability and
function. In vivo, this process is catalysed by a variety of thiol–redox
enzymes, which permit fast and reversible thiol–disulﬁde exchange.
Disulﬁde bond generating machineries have been described for the
bacterial periplasm (DsbB–DsbA), the ER (Ero1–PDI), andmost recently
for the mitochondrial intermembrane space (Erv1–Mia40) (Fig. 1)
(reviewed in Refs. [1–7]). Here we will discuss the mitochondrial
speciﬁc oxidation machinery and its essential role in maintaining the
integrity of the intermembrane space of mitochondria.2. Various translocation and sorting pathways drive biogenesis of
mitochondrial precursor proteins
A distinctive feature of the mitochondrial protein oxidation
pathway is that it serves to transport and accumulate proteins in
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l rights reserved.be the case in the bacterial periplasm or ER where oxidative folding
follows translocation of the protein into an environment favourable
for disulﬁde bond formation [1–4]. Given this unique role of disulﬁde
bond formation in the localization of intermembrane space precursors,
it is worthwhile to brieﬂy describe protein import into mitochondria
and the machineries that execute this process. The functioning of
mitochondria is intimately linked to the successful import and assem-
bly of the entire mitochondrial proteome [8–11]. The nuclear and
mitochondrial genome contribute to building the protein content of
mitochondria, but the mitochondrial genome codes only for a few
largely hydrophobic proteins that form the cores of the inner
membrane embedded respiratory complexes. These proteins are co-
translationally inserted into the inner mitochondrial membrane with
help of export machineries, such as OXA (Fig. 2). The components of
export machineries are conserved hydrophobic proteins belonging to
the YidC/Oxa1/Alb3 protein family and are present in bacteria,
mitochondria and chloroplasts to facilitate the association of bacterial
or organellar translating ribosomes to membranes [12]. However, the
greater majority of all mitochondrial proteins are nuclear encoded.
Even in a simple eukaryotic organism like the Baker's yeast,
Saccharomyces cerevisiae, up to 1000 proteins are encoded by the
nuclear genome, synthesized on cytosolic ribosomes and need to be
efﬁciently targeted and integrated into one of the four mitochondrial
subcompartments: the outer membrane, intermembrane space,
inner membrane or matrix [13]. The import of all these premature
precursor proteins is facilitated by organelle speciﬁc targeting
elements and highly dynamic mitochondrial import and assembly
machineries (Fig. 2) [8–11].
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Fig. 1. Disulﬁde bond formation in cells. A pair of reduced cysteine residues can be
oxidized to form covalent bonds within or between proteins. Disulﬁde bond generating
reactions are enzymatically catalysed in vivo and are restricted to speciﬁc cellular
compartments: the endoplasmic reticulum, the intermembrane space of mitochondria
and the periplasmic space of bacteria. The key enzymatic components and electron
acceptors are listed for each cellular compartment.
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Fig. 2. Schematic representation of protein import pathways into mitochondria.
Precursor proteins synthesized in the cytosol employ a common entry gate across the
outer mitochondrial membrane — the TOM channel. Subsequently, they utilize
different sorting pathways depending on their target location within mitochondria.
Precursors destined to the outer membrane are sorted and embedded in the outer
membrane by the SAM machinery. Translocation across or insertion into the inner
mitochondrial membrane requires an electrochemical potential across the inner
mitochondrial membrane (Δψ). Matrix proteins employ the TIM23 complex together
with the PAMmotor for translocation across the inner membrane. Insertion of proteins
integral to the inner membrane is mediated by the TIM23 complex or TIM22 complex.
To end up in the intermembrane space, some precursors follow the stop-transfer
pathway mediated by TIM23. A class of small intermembrane space proteins utilizes
a unique mechanism of protein trapping by oxidative folding governed by the MIA
pathway. A limited number of inner membrane proteins are synthesized in the
mitochondrial matrix and are co-translationally inserted into the inner membrane by
specialized machineries such as OXA.
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via the Translocase of the Outer Membrane (TOM complex), which is
often referred to as the general entry gate into mitochondria (Fig. 2)
[9–11,14]. Following their passage via the TOM complex import
pathways branch out into deﬁned biogenesis pathways, directed by
interplay between speciﬁc sorting signals and translocation machiner-
ies. The most well characterized import pathway into mitochon-
dria is governed by the TIM23 machinery (translocase of the inner
mitochondrial membrane) and is followed by precursors residing in
the mitochondrial matrix and some members of the inner membrane.
These precursor proteins contain an N-terminal positively-charged and
cleavable extension termed a presequence. Presequence containing
precursors are directed from the TOM complex to the TIM23 translocase
for their translocation across, ormembrane insertionwith the help of the
electrochemical potential of the inner mitochondrial membrane (Fig. 2).
Translocation of precursors across the inner mitochondrial membrane
into the matrix requires the PAM (presequence translocase-associated
motor) complex, which has mtHsp70 as its major player and provides
energy in the form of ATP as an additional driving force [9,10,15,16].
Proteins belonging to the outer membrane, inner membrane and
intermembrane space are typically characterized by the presence of
internal targeting elements that are scattered throughout the length of
the protein. For instance, outer membrane β-barrel proteins utilize a
speciﬁc import signal in the last β-strand of the precursors (β-signal)
that directs them to the outer membrane SAM (sorting and assembly
machinery) complex for integration and assembly into functionalcomplexes (Fig. 2) [14,17,18]. Polytopic inner membrane proteins
belonging to the carrier family possess multiple internal targeting
signals, which largely overlap with the hydrophobic transmembrane
segments of these proteins. These precursors are sorted to an alternative
translocase, the TIM22 or Carrier Translocase for insertion into the inner
membrane, which is supported by the presence of the electrochemical
inner membrane potential (Fig. 2) [9,19,20].
In the case of intermembrane space proteins two alternative
modes of import have thus far been described. First, a subset of
intermembrane space precursors follows the presequence path-
way governed by TIM23. The precursors contain a bipartite signal
consisting of an N-terminal presequence and a hydrophobic sorting
signal. This hydrophobic anchor halts translocation of the precursor in
the TIM23 translocase and facilitates lateral release of the precursor
into the inner membrane and resembles the mechanism used by
TIM23 for integration of presequence-containing inner membrane
proteins [9,10,15,21]. Following proteolytic cleavage and removal of
the presequence in the matrix, a second proteolytic cleavage on the
intermembrane space side leads to release of a soluble intermembrane
space protein.
The second route to the intermembrane space of mitochondria does
not involve an electrochemical potential nor TIM translocases of the
inner membrane, but rather relies on protein oxidative folding. The
MIA (mitochondrial intermembrane space assembly) pathway has
been discovered most recently and its mode of action differs
signiﬁcantly from the typical import pathways into mitochondria.
Perhaps the most exclusive feature of this pathway compared to
other mitochondrial import pathways and also other cellular
translocation systems is the use of cysteine chemistry to stabilize
translocation intermediates and mature folded proteins via disulﬁde
bonds. Disulﬁde bond formation by MIA leads to the trapping of
proteins in the intermembrane space of mitochondria [4,9,22–26].
Herein, we will describe the mechanisms and molecular machines
that tightly link oxidative folding to protein transport into the
mitochondrial intermembrane space.
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Two proteins of central importance for the MIA pathway are Mia40
and Erv1 [4,9,24]. Mia40 is an essential intermembrane space resident
and conserved protein in the eukaryotic kingdom [27–31]. Depletion
of Mia40 or disruption of its function through mutation speciﬁcally
inhibits the import of cysteine rich intermembrane space members,
while other import pathways into mitochondria are unaffected. Mia40
performs its function in two functionally coupled steps; (i) it serves as a
receptor on the trans-side of the outer mitochondrial membrane by
recognizing and binding protein substrates via a transient disulﬁde-
bonded intermediate [32–35]; and (ii)Mia40 serves as an oxidoreductase
and chaperone and is responsible for the complete oxidation of incoming
precursors promoting folding of the protein substrates and their retention
within mitochondria [36–38]. As a consequence, the tightly foldedLo
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thiol–disulﬁde exchange reactions [23,36,38–40].
The second important player in the MIA pathway is the ﬂavin-
dependent oxidoreductase Erv1 (ALR/GFER in humans) [41–43]
(Fig. 3B). Erv1 belongs to the family of conserved Erv/quiescin–
sulphydryl oxidase proteins whose members share a ﬂavin binding
domain [44,45]. Like Mia40, Erv1 is essential for yeast cell viability
and is a resident of the intermembrane space. However, Erv1 was
identiﬁed earlier than Mia40 and a variety of defects were assigned
to cells lacking functional Erv1, including altered mitochondrial
morphology, respiration defects, loss of mtDNA and defects in FeS
cluster biogenesis [46–48]. It was 13 years after its initial identiﬁcation
that Erv1 was revealed to be involved in mitochondrial disulﬁde bond
formation [41,42,49]. Erv1 from animals and fungi consists of two
domains; a catalytic domain that contains an important CXXC active
site adjacent to the FAD binding site and an additional couple of
conserved cysteine residues that function in structural stabilization of
the holoprotein. The FAD domain has been shown to be responsible
for the non-covalent homodimerisation of Erv1. A tail segment at
the N-terminus of the protein contains a so called “shuttle” disulﬁde
that is used to transfer disulﬁde bonds to substrates. The “shuttle”
disulﬁde and the catalytic disulﬁde are required for Erv1 function
[50–53].
In addition to Mia40 and Erv1, another intermembrane space
protein known as the “helper of Tim of 13 kDa” or Hot13, with
similarity to zinc-ﬁnger proteins, has been suggested to play a role
in the biogenesis of the intermembrane space proteins [54,55]. The
exact function of this protein in the biogenesis of intermembrane
space proteins requires further clariﬁcation. However, it is plausible
to speculate at this point that further regulatory proteins can also
be involved in the MIA pathway.
4. MIA substrates
The large majority of proteins residing in the mitochondrial
intermembrane space are of low molecular mass and are deﬁned by
the presence of characteristic cysteine residues, typically CX3C and
CX9C motifs (cysteine residues separated by 3 or 9 amino acids,
respectively) [20]. Following oxidation these proteins tend to adopt a
characteristic helix–loop–helix fold that is stabilized by two parallel
disulﬁde bonds (Fig. 3C and D) [56,57]. Currently all known proteins
belonging to the CX3C family are members of the small Tim chaperone
family, which function in the transport of hydrophobic precursors
through the intermembrane space [4,20]. Indeed, this family of proteins
(Tim8, Tim9, Tim10, Tim12 and Tim13) have served asmodel substrates
in the characterization of theMIA pathway. Conversely, there are at least
13 members belonging to the CX9C family of proteins in yeast and are
localized tomitochondria [58,59]. The functions of these proteins appear
to be more diverse than the CX3C family. For instance, members of the
CX9C family includeMia40 itself, Cox17 that is involved in thebiogenesis
of cytochrome c oxidase [60], Mdm35 that serves as a receptor for the
import of Ups proteins, which play a central role in lipid homeostasis
[61,62]. In addition to CX3C and CX9C substrates, two other proteins
have been shown to require the MIA pathway for their intermembrane
space localization: Erv1 and Ccs1 [58,63–66]. Ccs1 is a copper
chaperone involved in the maturation and mitochondrial localization
of Cu,Zn-superoxide dismutase, Sod1 in the intermembrane space of
mitochondria. Thus, the MIA pathway indirectly inﬂuences the levels
and activity of thismajor superoxide-scavenging enzyme by controlling
the mitochondrial residence of Css1 [67].
In summary, all MIA substrates known to date undergo oxidative
folding,which results in their cysteine residues being engaged in disulﬁde
bonds. However, in addition to their structural role the cysteine residues
of intermembrane space proteins also play a signiﬁcant role in early
biogenesis events. For instance, in the case of Tim9 and Tim10 belonging
to the CX3C, the most N-terminal cysteine residue was demonstrated tobe crucial for forming the transient disulﬁde intermediate with Mia40
[32,34]. However, this principle does not appear to apply to all substrates
since in the case of Cox17, a CX9C representative, the more C-terminally
located cysteine residues has been suggested to be important for the
generation of the disulﬁde intermediate with Mia40 [35]. The speciﬁcity
of Mia40 in recognition and binding of cysteine residues is determined
by the speciﬁc amino acid sequence upstream or downstream of a target
cysteine residue that behaves as a speciﬁc intermembrane space sorting
signal, known as the MISS/ITS signal (Fig. 3E) [33,35]. The structure of
Mia40, which possesses a hydrophobic surface in the vicinity of the
CPC motif would nicely accommodate this rather hydrophobic
targeting signal [38,40] to initiate protein folding [68]. Since the
interaction of Mia40 with its substrates is based on hydrophobic
interactions in addition to disulﬁde mediated covalent interactions,
a possibility exists that the “oxidoreductase” function of Mia40 is
dispensable for some substrates. In this hypothetical case, Mia40
could be a “pure” chaperone that binds and facilitates folding
thereby trapping proteins in the intermembrane space without
disulﬁde-mediated engagement.
5. MIA-driven biogenesis of mitochondrial proteins
5.1. Early biogenesis steps of intermembrane space proteins remain a
mystery
Proteins directed to the intermembrane space after their synthesis
on cytosolic ribosomes are targeted to the TOM complex (Fig. 4, step
1) [69]. The ﬁrst known interaction they encounter is Mia40 that
functions in a receptor like manner and recognizes the MISS/ITS
signal emerging on the intermembrane space side of the outer
mitochondrial membrane [33,35,70]. The steps that precede this
intermembrane space-localized event are not clear. In order to cross
the TOM complex and to be recognized by Mia40, the precursor
proteins have to be at least partially unfolded and their cysteine
residues in the reduced state. Assuming a post-translational mode
of translocation allows an assumption that cytosolic factors may be
involved to prevent their oxidation (Fig. 4, step 1). Interestingly, it
has been shown in experiments with isolated mitochondria (in
organello) that newly synthesized intermembrane space proteins
are stabilized by zinc ions in a reduced form, which keeps them in
an import-competent conformational state [71]. On the other hand,
the idea of co-translational import into mitochondria has been recently
revitalized [72–74]. These interesting ﬁndings open a possibility that
intermembrane space proteins can be transported in a co-translational
manner. This possibility is supported by in organello experiments, which
demonstrated that Mia40 was able to engage with the precursors stalled
at ribosomes in the form of a ribosome–nascent chain complex [70].
However, MIA substrates tend to be small and many of them are not of
sufﬁcient length to span the ribosomal tunnel and the outer membrane
in such a way that theMISS/ITS signal is available for the interactionwith
Mia40 in the intermembrane space. This problem is most exempliﬁed in
the case of proteins such as yeast Cox17, in which the cysteine residue
recognized by Mia40 is not located in the N-terminus of protein. Thus,
features that are responsible for the enrichment of precursor proteins at
the mitochondrial surface are not understood.
5.2. The MIA reaction cycle
The recognition of theMISS/ITS signal of precursors is followed by the
formation of a disulﬁde bonded intermediate with Mia40 via its redox-
active disulﬁde of the CPC motif (Fig. 4, step 2) [28,32–36,38,40,41].
This ﬁrst reaction precedes the subsequent transfer of disulﬁde bonds
to a precursor and oxidative protein folding (Fig. 4, steps 3 and 4)
[23,37,38,51]. The efﬁciency of oxidative folding is tightly coupled with
productive accumulation of proteins in the intermembrane space
[28,37,41]. Interestingly, this process is substantially accelerated by the
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peptide responsible for maintaining the redox potential in cellular
compartments [51]. Glutathione creates a reducing environment,
therefore the observation that it actually improved protein oxidative
biogenesis in mitochondria was counterintuitive at the ﬁrst glance.It appeared that, at least in vitro, Mia40 has a tendency to form
unproductive intermediates with its substrates that are difﬁcult or
impossible to resolve. Glutathione was demonstrated to decrease the
amount of off-pathway intermediates, thus performing a proof-reading
function during disulﬁde transfer [51].
1147D. Stojanovski et al. / Biochimica et Biophysica Acta 1823 (2012) 1142–1150Themechanisms underlying disulﬁde bond transfer and completion
of precursor oxidation are vigorously discussed in the literature (Fig. 4,
steps 3 and 4). Since the majority of MIA substrates contain two
disulﬁde bonds it has been of interest how the second disulﬁde bond
is introduced. The mitochondrial disulﬁde system is typically referred
to as a disulﬁde “relay” [41]. Mechanistically this implies that the carrier
protein Mia40 must alternate in its association with the oxidase Erv1
and substrate protein to permit oxidation of the precursor. Thus,
substrates receivingmore thanonedisulﬁde bond require several cycles
of the disulﬁde relay with sequential association and dissociation of
substrate, carrier and oxidase [38,41,51]. Is there a more efﬁcient way
for MIA substrates to receive two disulﬁde bonds without entering
into a reaction cycle two times? Various possibilities are discussed in
the literature. First, based on the in vitro capability of Mia40 to fully
oxidize substrates [36,38,51], the theoretical possibility exists that two
Mia40 molecules forming a functional dimer might be responsible for
transfer of the two disulﬁde bonds into the maturing substrate.
However, evidence for a functional Mia40 dimer has not yet been
provided. Alternatively, the role of molecular oxygen or metals or
oxidized glutathione as an additive to Mia40 in the completion of
oxidative folding has been suggested [22,38]. The redox potentials of
small Tim proteins, as classical substrates, are low so their oxidation
does not have to be enzymatically catalysed in the presence of
molecular oxygen. On the other hand, both the speciﬁcity of Mia40
and the proof-reading role of glutathione in this cycle pinpoint the
importance of ordered oxidation events to avoid non-productive
intermediates as opposed to nonspeciﬁc or even destructive effects of
molecular oxygen.
Finally, in difference to the proposal based on in vitro experiments
and structural data, an alternative model of temporal association of all
three participants: Mia40 as a carrier of disulﬁde bonds, the oxidase
Erv1 and a substrate has been deduced from the data derived from in
organello experiments with isolated mitochondria (Fig. 4, steps 3 and
4) [75]. In this scenario Mia40 remains associated with the precursor
until both disulﬁde bonds are transferred and the substrate acquires a
completely oxidized state. Whether the oxidizing equivalents are
coming from a Mia40 monomer or dimer or directly from Erv1 is
unclear, however the physical presence and activity of Erv1 improve
the efﬁciency in the transfer of multiple disulﬁdes [75]. Such a ternary
complex of Erv1, Mia40 and a precursor permits disulﬁde trans-
fer without dissociation of the “relay” components suggesting that
a channelling mechanism for disulﬁde bond formation exists in
mitochondria. The existence of a ternary complex is supported by the
dependence of protein import into the intermembrane space on Erv1
under conditions when substrate binding to Mia40 or Mia40 redox
state is not affected [37,40,42,75]. Further studies with more emphasis
on in vivo evidence are needed to elucidate the exact mecha-
nisms governing substrate oxidation. Despite the different views that
currently exist, the presence of partially or wrongly oxidized species
of the classical substrates has not been reported so far. Thus, the MIA
pathway seems to be surprisingly efﬁcient as the consequences of
its failure would result in the decreased accumulation of oxidized
intermembrane space proteins or in accumulation of immature proteins
with non-native disulﬁde bonds. Of note, disulﬁde isomerase activity
that would be capable of circumventing improperly formed disulﬁde
bonds has not been identiﬁed in the mitochondrial intermembrane
space. However, quality control mechanisms that are responsible for
the repair and/or removal of unfolded MIA protein substrates are likely
to exist.
In contrast to the vigorous discussions on the exact mechanisms of
substrate oxidation, there is common agreement that, upon release of
protein substrates, Mia40 is recharged by Erv1 for a new round of
precursor binding based on the “relay” mechanism (Fig. 4, step 5)
[41]. The oxidation of mitochondrial intermembrane space precursor
proteins certainly results in the reduction of cysteine residues in the
CPC motif of Mia40 (Fig. 4, step 4). To reoxidize these cysteineresidues, Erv1 accepts electrons from Mia40 and this reaction is
mediated by a disulﬁde bonded intermediate formed by the second
cysteine residue of the CPCmotif (Fig. 4, step 5) [36,40,50]. Erv1 transfers
electrons via cytochrome c to the respiratory chain and hence to oxygen
(Fig. 4, step 6) [76–78]. The connection to the respiratory chain increases
the efﬁciency by which Erv1, and consequently Mia40, is reoxidized. It
may also serve to prevent the generation of reactive oxygen species in
the intermembrane space. Erv1 acts as a homodimer [51]. Up to date,
Mia40 with its CPC motif is the only known target of Erv1-driven
oxidation leading to reduction of the shuttle disulﬁde bond in one
monomer of the functional Erv1 dimer. Interestingly, the hydrophobic
interactions resembling the Mia40-substrate pairing underlie this step
resulting in the structure-based hypothesis of substrate mimicry [50].
This proposal implies that Mia40 could also be a protein reductase by
employing the same molecular mechanism of substrate recognition.
5.3. Spatial regulation of the MIA pathway
The accuracy of the MIA pathway originates not only from the ﬁne-
tuned mechanisms of disulﬁde transfer discussed above, but also from
the spatial organization of the pathway. In a recent novel twist, Mia40
was shown to be localized in close proximity to precursors emerging
on the intermembrane space side of the protein entry complex, TOM
[70]. In the same study the inner membrane morphology protein Fcj1,
otherwise known as mitoﬁlin, was demonstrated to be an important
regulatory factor of the MIA pathway. Surprisingly, Fcj1/mitoﬁlin was
shown to directly interact with Mia40, and also with the TOM com-
plex, albeit not at the same time (Fig. 5). Furthermore, the lack of
Fcj1 speciﬁcally impaired early steps of protein import into the
intermembrane space [70]. Based on this functional and interaction
proﬁle, Fcj1 was proposed to help in recruiting Mia40 to the vicinity
of incoming intermembrane space precursors at the TOM channel
(Fig. 5). The localization of mitochondrial protein translocases that
capture precursor proteins emerging from TOM is presumably not
random given the unique architecture of the inner mitochondrial
membrane folded in cristae [79]. In fact, the compartmentalization of
individual proteins in distinct inner membrane regions has been
reported [80–83]. Moreover, Fcj1 was shown to be localized in
structures that connect the boundary inner membrane (juxtaposed to
the outer membrane) with the cristae inner membrane [84]. The
interaction of Fcj1/mitoﬁlin with Mia40 on the one hand and TOM
complex on the other hand would prevent a fortuitous location of
Mia40 or its pool far away from the TOM complex in the cristae
regions of the inner mitochondrial membrane. However, this does not
necessarily mean that Mia40 must be absent in the cristae and future
studies will answer this question.
Mitoﬁlin is also amember of the largemulti-subunit complex, called
Mitochondrial Inner Membrane Organizing System, MINOS (Fig. 5)
[70,85]. This complex has been identiﬁed by multiple groups and
also termed MitOS or MICOS [86,87]. The MINOS complex plays an
important role in maintaining the proper architecture of the inner
mitochondrial membranes. The lack of its components, especially
Fcj1/mitoﬁlin and Mio10 (also named Mos1/Mcs10) led to an enlarged
inner membrane surface and detachment of cristae from the boundary
inner membrane [70,85–87]. Interestingly, various components of the
MINOS complex were also reported to facilitate additional contact
sites between inner and outer membranes with proteins such as the
outer membrane SAM complex (assembly of β-barrel proteins) or
Ugo1 and Fzo1 (required for mitochondrial fusion), in addition to
the interaction with the TOM complex [70,85–91]. This plethora of
interaction sites between the complexes of the outer mitochon-
drial membrane and various MINOS components identiﬁed among
eukaryotic model organisms suggests the role of MINOS in formation
of a dynamic scaffold responsible for a close apposition of the inner
boundary membrane and outer membrane. The functional signiﬁcance
of the putative scaffold formed by MINOS for mitochondrial biogenesis
?SAM Ugo1
Fzo1
MINOS Fcj1 Fcj1
TOM
Mia40
Outer 
membrane
Inner 
membrane
Matrix
Cytosol
Intermembrane
space
Fcj1MINOS Fcj1 MINOS
Fig. 5. Fcj1/mitoﬁlin organizes the mitochondrial membrane architecture and protein biogenesis. Fcj1 is a key component of the MINOS complex responsible for cristae formation.
Fcj1 and its complex MINOS facilitate the contacts between the outer and inner mitochondrial membrane protein complexes. Fcj1 recruits Mia40, a central component of the MIA
pathway, which takes over the precursors arising on the intermembrane space side of the outer membrane, to the TOM complex.
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two steps, protein translocation across the outer mitochondrial
membrane and precursor recognition by Mia40 constitutes a striking
and novel example of how such events can be spatially coordinated
[70]. It remains to be investigated what exact mechanisms underlie
the Fcj1/mitoﬁlin interactions with Mia40 and TOM. However, it is
tempting to formulate a hypothesis that MINOS also takes part in the
compartmentalization of other proteins within the innermitochondrial
membrane, perhaps by restricting their diffusion into the cristae.
6. Outlook
Based on several lines of evidence the mitochondrial intermembrane
space utilizes unique mechanisms for the generation of disulﬁde bonds
compared to the systems of the ER and bacterial periplasm. The most
signiﬁcant of these is the fact that precursor oxidation is tightly coupled
to precursor translocation, and thus, thiol–disulﬁde exchange reactions
dictate vectorial translocation into the mitochondrial intermembrane
space. We still have much to learn about the main players in this
pathway, Mia40 and Erv1 and their regulation. It is unclear if Mia40
contributes to other processeswithinmitochondria and the same applies
to Erv1.Were the initial phenotypes observed in erv1mutants secondary
phenotypes due to the lack of proper disulﬁde bond formation or does
Erv1 play a direct role in processes such as FeS cluster biogenesis. Future
studies should begin to provide insight into these questions.
We have highlighted our current understanding of the MIA pathway
and machinery based on research that mainly utilised the model
organism, S. cerevisiae and on the biochemical and structural studies of
puriﬁed components. However, the importance of understanding these
processes in mammalian cells should not be overlooked. Currently, we
only have a fragmentary data on the function and role of the MIA
pathway in higher eukaryotes, which show that human MIA is also
responsible for mitochondrial accumulation of some intermembrane
space proteins and formation of the intermembrane space pool of Sod1
[31,92]. A disease caused by missense mutation in ALR, the human
homologue of Erv1, has been described [93]. Interestingly, the list of
proteins that share the fold of the known protein substrates of MIA is
much longer in higher eukaryotes than in yeast and their function andlocalization is largely unknown. Furthermore, recently human Mia40
has been shown to be required for the activation of the hypoxic signal-
ling mediated by the transcription factor HIF-1α and involvement in
tumorigenesis [94]. Whether this phenomenon is based on a direct
involvement of Mia40 in HIF-1α biogenesis or it requires mediators
remains an open question. Taken together these ﬁndings suggest a
crucial role for the MIA machinery in the maintenance of a healthy
intermembrane space protein population, functional mitochondria
and ultimately cellular physiology at multiple levels in all eukaryotic
organisms.
The unexpected ﬁnding of oxidative folding in mitochondria was
rapidly embraced and recognized as a major advancement in the
mitochondrial translocation ﬁeld. However, this area of research is
still in its infancy and as outlined in this review many questions
await answering. As these ﬁnding come to light it is likely to intrigue
mitochondrial and redox enthusiasts alike and will hopefully foster
future exciting collaborations.
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